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WRWZRELOOLRQWRQVLQ>@(DFKWRQRI3&UHTXLUHVDSSUR[LPDWHO\WRQVRIOLPHVWRQHDFRQVLGHUDEOH
DPRXQW RI IRVVLO IXHOV DQG HOHFWULFDO HQHUJ\ (PLVVLRQV RI &2 GXULQJ FHPHQW PDQXIDFWXULQJ FUHDWH HQRUPRXV
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IRUPFRPSRXQGVSRVVHVVLQJFHPHQWLWLRXVSURSHUWLHVDWURRPWHPSHUDWXUHWKDWKDYHWKHDELOLW\WRVHWXQGHUZDWHU7R
WKLV HIIHFW LW LV QHHGHG WR FUHDWH EOHQGHG FHPHQWV FRQWDLQLQJ 3& DQG SR]]RODQDSR]]RODQDV ZKLFK DIWHU
LQFRUSRUDWLRQWRWKHJLYHQPL[WXUHSURGXFHFHPHQWFRPSRVLWHVRIKLJKTXDOLW\7KLVPHDQVWKHIRUPDWLRQRIFHPHQW
FRPSRVLWHV ZLWK WKH VDPH RU EHWWHU XWLOLW\ SURSHUWLHV WKDQ WKRVH SURGXFLQJ RQO\ ZLWK KLJKHQHUJ\ DQG
HQYLURQPHQWDOO\QRQIULHQGO\3&
$FFRUGLQJWRWKHQXPEHURISR]]RODQDVEOHQGHGZLWK3&WKHELQDU\WHUQDU\DQGTXDWHUQDU\FHPHQWV\VWHPVFDQ
EHXVHGIRUUHOHYDQWFHPHQWFRPSRVLWHVSURGXFWLRQ>@,WLVVKRZQWKDWWHUQDU\FRPELQDWLRQVDUHHVVHQWLDOO\EHWWHU
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>@.DROLQVGHQRWHGDVNDROLQVDQGV>@ZLWKUHODWLYHO\SRRUNDROLQLWHFRQWHQWDUHRFFXUUHGLQGHSRVLW9\ãQê
3HWURYHF7KHUHODWHGFHPHQWFRPSRVLWHVZLWKPHWDNDROLQVDQG0.6EXUQWNDROLQVDQGFUHDWHGDIWHUWHPSHUDWXUH
WUDQVIRUPDWLRQRINDROLQ VDQGH[KLELW XWLOLW\SURSHUWLHVRI UHODWLYHO\KLJKTXDOLW\ >@'LDWRPLWH LQ WKHFOD\H\
IRUP FOD\H\ GLDWRPLWH &' RFFXUV LQ GHSRVLW -HOãRYHF $IWHU FDOFLQDWLRQ RI &' WKHUH LV DVVXPSWLRQ IRU LWV
VXFFHVVIXO XVH DV FDOFLQHG FOD\H\GLDWRPLWH &&' LQ FHPHQW FRPSRVLWHV EHFDXVHRI JDLQHGSR]]RODQLF FKDUDFWHU
>@
7KHHIIHFWRI3&VXEVWLWXWLRQE\0.6DQG&&'DFWLQJDVHIILFLHQWSR]]RODQDVLQWHUQDU\FHPHQWFRPSRVLWHVRQ
SK\VLFDOPHFKDQLFDODQGSK\VLFDOFKHPLFDOSURSHUWLHVLVSUHVHQWHGLQWKLVSDSHU
([SHULPHQWDOSDUW
0DWHULDOV
7KHPDWHULDOVXVHGLQWKHH[SHULPHQWLQFOXGH
x RUGLQDU\3RUWODQGFHPHQW3&±&(0,5>+ROFLP5RKRåQtNDV6ORYDNLD@LQDFFRUGDQFHZLWK671(1
>@
x RULJLQDONDROLQVDQG2.6±9\ãQê3HWURYHF6ORYDNLDZLWKIUDFWLRQȝP
x PHWDNDROLQVDQG0.6REWDLQHGE\WKHWHPSHUDWXUHWUDQVIRUPDWLRQRI2.6XQGHU&KRXU
x FOD\GLDWRPLWH&'±-HOãRYHF6ORYDNLDZLWKIUDFWLRQȝP
x FDOFLQHGFOD\GLDWRPLWH&&'REWDLQHGE\WKHWHPSHUDWXUHWUDQVIRUPDWLRQRI&'XQGHU&KRXU
7KHFRQWHQWRINDROLQLWHPHWDNDROLQLWH0.LQNDROLQVDQGPHWDNDROLQVDQG0.6LVZW7KHFRQWHQWRI
0.LQ&&'UHSUHVHQWVZW
3UHSDUDWLRQRIVSHFLPHQVDQGPHWKRGV
7KH3&ZDVVXEVWLWXWHGE\PHWDNDROLQLWHVDQG0.6LQFOXGLQJDQGZWRIPHWDNDROLQLWH0.DQG
DQGZWRIFDOFLQHGFOD\H\GLDWRPLWH&&'LQUHFLSURFDOSURSRUWLRQVIRUPLQJWHUQDU\FHPHQWV\VWHPV0.
&&'0.&&'DQG0.&&'7KHFHPHQWSDVWHZLWKRXW0.6DQG&&'DVDUHIHUHQFHVSHFLPHQZDV
SUHSDUHGDVZHOO&HPHQWFRPSRVLWHVZHUHSUHSDUHGZLWKZDWHUVROLGUDWLRRI
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6SHFLPHQVRIFHPHQWFRPSRVLWHVZLWKVL]HRIîîPPZHUHNHSWXQGHUZDWHUDW&GXULQJ
GD\VWLOOWKHWHVWLQJ7KHVHWHVWVDQGPHWKRGVZHUHXVHGLQWKHH[SHULPHQWFRPSUHVVLYHVWUHQJWKGLIIHUHQWLDOWKHUPDO
DQDO\VLV'7*;UD\GLIIUDFWRPHWU\;5'DQGPHUFXU\LQWUXVLRQSRURVLPHWU\0,3
7KHUPDO VWXGLHV ZHUH SHUIRUPHG RQ 7KHUPRJUDYLPHWULF DQDO\]HU 7*$'6& ZLWK VHQVRU 7*'7$ 0HWOHU
7ROHGR =ULFK 6ZLW]HUODQG 7KH ;UD\ GLIIUDFWLRQ WHVWV ZHUH PDGH RQ 3KLOLSV 'LIIUDFWRPHWHU (LQGKRYHQ
1HWKHUODQGV3RUHVWUXFWXUHDQDO\VLVZDVPDGHRQ3RURVLPHWHU3RUHPDVWHU*74XDQWRFKURPH)ORULGD86$
5HVXOWVDQGGLVFXVVLRQ
0.6 REWDLQHG IURP 2.6 DQG &&' REWDLQHG IURP &' DUH W\SLFDO DOXPLQRVLOLFDWHV 7KHLU UHOHYDQW FKHPLFDO
FRPSRVLWLRQLVVKRZQLQ7DEOH(IILFLHQF\RIWKHVHSR]]RODQDVLQFHPHQWFRPSRVLWHVLVPDLQO\LQIOXHQFHGE\WKH
KLJK6L2DQG$O2FRQWHQW2WKHUFRQVWLWXHQWVDUHSUHVHQWLQUHODWLYHO\OLWWOHDPRXQW)2FRQWHQWRIERWK

7DEOH&KHPLFDOFRPSRVLWLRQDQGSK\VLFDOSURSHUWLHVRIPHWDNDROLQVDQG0.6FOD\H\GLDWRPLWH&'DQGFDOFLQHGFOD\H\GLDWRPLWH&&'

6DPSOH +XPLGLW\ ,JQLWLRQ ,5 $O2 )H2 &D2 0J2 62 6SHFLILF 6XUIDFH
  ORVV 6L2      JUDYLW\ DUHD
         NJP PNJ
0.6          
&'          
&&'          
,QVROXEOHUHVLGXH

GLDWRPLWHVLVFFDWKUHHWLPHVKLJKHUWKDQWKDWRI0.67KHKLJKSR]]RODQLFDFWLYLW\LVDOVRGXHWRWKHODUJHSRUWLRQRI
VPDOOUHDFWLYHSDUWLFOHVDQGKLJKILQHQHVVEHORZPP
$OWKRXJKWKHPDLQFRPSRQHQWLQGLDWRPLWHVLVUHSUHVHQWHGE\DPRUSKRXVPDWWHUSKDVH±GLDWRPVLHVLOLFHRXV
VKHOOV DQG VNHOHWRQV LQ XQLFHOOXODU DOJDH GLDWRPDFHDH WKH PDLQ HIIHFWLYH FRPSRQHQW RI &&' IRU SR]]RODQLF
UHDFWLRQLQFHPHQWFRPSRVLWHV±0.LVSUHVHQWLQDPRXQWRIZW7KHUHSUHVHQWDWLRQRI0.LQ0.6LVZW

7KHFRPSUHVVLYHVWUHQJWKYDOXHVRIWHUQDU\FHPHQWFRPSRVLWHVZLWK0.6DQG&&'DIWHUGD\VZDWHUFXULQJ
DUHLOOXVWUDWHGLQ)LJXUH7KHVWUHQJWKVDUHVOLJKWO\KLJKHUWKDQWKRVHLQUHIHUHQFHFHPHQWSDVWH,WFDQEHVWDWHGWKDW
FRPSUHVVLYHVWUHQJWKVLQFUHDVHZLWKSHUFHQWDJHVXEVWLWXWLRQRI3&E\0.DQG&&'
7KHUHVXOWVRIWKHWKHUPDODQDO\VLVDUHLQWURGXFHGE\'7*FXUYHV)LJ,WLVHYLGHQWWKHSUHVHQFHRI&6+JHO
DQG&$+SKDVHDWWKHORZHUWHPSHUDWXUHVXSWRFFD&7KH&$+SKDVHVDUHUHSUHVHQWHGE\JHKOHQLWH&$6+
DQGK\GURJDUQHW&$+7KHTXDQWLWDWLYHHYDOXDWLRQRIWKHUPDODQDO\VLVLVSUHVHQWHGLQ7DE3R]]RODQLFUHDFWLRQ
LQ FRPSRVLWHV PDQLIHVWV LQ UHGXFWLRQ RI SRUWODQGLWH &D2+ FRQWHQW ZLWK WKH LQFUHDVH RI 3& VXEVWLWXWLRQ E\
SR]]RODQDV,QWKLVFRQWH[WLWLVQHHGHGWRQRWHWKDWLQWKHFDVHRIZWFRPPRQVXEVWLWXWLRQRI3&E\0.DQG
&&'0.&&'DQG0.&&'WKHUHLVDVVXPSWLRQIRUKLJKHUSR]]RODQLFDFWLYLW\RI0.&&'
V\VWHPYV0.&&'GXHWRODUJHUDPRXQWRI0.6WKDWKDVKLJKHU0.FRQWHQWZWRSSRVLWHWR&&'
ZLWKZWRI0./LNHZLVH WKH WRWDO LJQLWLRQ ORVVYDOXHVDUHJUDGXDOO\GHFUHDVLQJZLWK WKH LQFUHDVHRI XVHG
SR]]RODQDVDQGWKHLUHIILFLHQF\*HQHUDOO\WKHYDOXHVRI&D2+DQGWRWDOLJQLWLRQORVVDUHOHVVHUWKDQWKRVHIRXQG
LQUHIHUHQFHFHPHQWSDVWH
7KH ;UD\ GLIIUDFWLRQ SDWWHUQV RI VSHFLPHQV ZLWK 0.6 DQG &&' DUH LOOXVWUDWHG LQ )LJ  7KH SUHVHQFH RI
SRUWODQGLWH LV IRXQG LQ DOO VSHFLPHQV 7KHPRVW LPSRUWDQW IDFWV DUH UHGXFWLRQV LQ LQWHQVLW\ RI GLIIUDFWLRQ OLQHV DW
DQGQPZLWK LQFUHDVLQJ3&VXEVWLWXWLRQE\SR]]RODQDV 7KHKLJKHU WKHSR]]RODQDDPRXQW WKH ORZHU
SRUWODQGLWHFRQWHQWLVIRUPHG

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&&'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)LJ'7*FXUYHVRIFHPHQWWHUQDU\FRPSRVLWHVZLWKPHWDNDROLQVDQG0.60. PHWDNDROLQLWHDQGFDOFLQHGFOD\H\GLDWRPLWH&&'DIWHU
GD\VFXULQJLQZDWHU&&6+DQG&$6+JHKOHQLWH&&$+K\GURJDUQHW&&+SRUWODQGLWH
&&FFDOFLWH

7DEOH5HVXOWV RI WKH WKHUPDO DQDO\VLV LQ FHPHQW WHUQDU\ FRPSRVLWHVZLWKPHWDNDROLQ VDQG0.6 0. PHWDNDROLQLWH DQG FDOFLQHG FOD\H\
GLDWRPLWH&&'DIWHUGD\VFXULQJLQZDWHU

&HPHQW 6XUIDFHERXQG :DWHUERXQGLQ &D2+ &D&2 7RWDOLJQLWLRQ
FRPSRVLWH ZDWHU &6+&$+   ORVV
3&:     
0.&&':     
0.&&':     
0.&&':     

11 L’udovít Krajči et al. /  Procedia Engineering  65 ( 2013 )  7 – 13 


















)LJ;UD\GLIIUDFWLRQSDWWHUQVRIFHPHQWWHUQDU\FRPSRVLWHVZLWKPHWDNDROLQVDQG0. PHWDNDROLQLWHDQGFDOFLQHGFOD\H\GLDWRPLWH&&'
DIWHU±GD\VFXULQJLQZDWHU$EEUHYLDWLRQV&+±SRUWODQGLWH4±TXDUW]&F±FDOFLWH0X±PXVFRYLWH

3RUWODQGLWH LV WKHPRVWFRQVXPHG LQ WHUQDU\ V\VWHPZLWKZWRI0.DQGZWRI&&'7KHSUHVHQFHRI
XQUHDFWHGFHPHQWFOLQNHUPLQHUDOV&6DQG&6DWDQGQPLVDOVRSURYHGLQWKLVVWXGLHGV\VWHP5HVXOWV
RI ;5' DUH LQ JRRG FRUUHODWLRQ ZLWK WKRVH RI WKHUPDO DQDO\VLV 7KXV SR]]RODQLF UHDFWLRQ ZLWK K\GUDWLQJ 3& LV
FOHDUO\FRQILUPHG
3RUHVWUXFWXUHFKDUDFWHULVWLFVRIFHPHQWFRPSRVLWHVDUHHYDOXDWHG LQ7DEOH7KHGHFLVLYHHIIHFWRISR]]RODQLF
UHDFWLRQ LV JUDGXDO GHFUHDVLQJ RI WRWDO SRUHPHGLDQ UDGLXV DQGPLFURSRUHPHGLDQ UDGLXVZLWK WKH LQFUHDVH RI 3&
VXEVWLWXWLRQE\SR]]RODQDV7KHHIIHFWRI0.6LVVOLJKWO\PRUHVXEVWDQWLDOWKDQWKDWRI&&'$OLNHWKHSHUPHDELOLW\
FRHIILFLHQWGURSVZLWKWKHLQFUHDVHRISR]]RODQDDPRXQW7KHKLJKHUWRWDOSRURVLW\YDOXHVDUHDFFRPSDQLHGZLWKWKH
KLJKHUYDOXHVLQYROXPHRIWRWDORSHQSRUHVDQGKLJKHUYDOXHVLQYROXPHRIPLFURSRUHV7KHREVHUYHGSRUHVWUXFWXUH
UHILQHPHQW LQ WHUQDU\ FRPSRVLWHV UHODWLYH WR WKDW LQ UHIHUHQFH FHPHQW SDVWH LV UHIHUUHG WR WKH UHGXFHG  &D2+
FRQWHQWIRXQGE\;5'DQG'7**HQHUDOO\WKHDOOPHQWLRQHGIDFWV



7DEOH3RUHVWUXFWXUHSDUDPHWHUVLQFHPHQWWHUQDU\FRPSRVLWHVZLWKPHWDNDROLQVDQG0.60. PHWDNDROLQLWHDQGFDOFLQHGFOD\H\GLDWRPLWH
&&'DIWHUGD\VFXULQJLQZDWHU
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&HPHQW 66$ 973 903 073 003 %' 73 .î
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PPJ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YRO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PV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      
0.&&':        
0.&&':        
0.&&':        

66$±VSHFLILFVXUIDFHDUHDRISRUHV973±YROXPHRIWRWDORSHQSRUHVQP±PP903±YROXPHRIPLFURSRUHV±QP
073± WRWDO SRUHPHGLDQ UDGLXV003±PLFURSRUHPHGLDQ UDGLXV%'±EXONGHQVLW\73± WRWDO RSHQSRURVLW\ QP±PP .±
SHUPHDELOLW\FRHIILFLHQW
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DUHHVVHQWLDOO\FDXVHGE\SR]]RODQLFUHDFWLRQRI0.ZLWKWKHFHPHQW0RUHRYHUWKHUHVXOWVRISRUHVWUXFWXUH
DQDO\VLVDUHFRQVLVWHQWZLWKVWUHQJWKVFKDUDFWHULVWLFV

&RQFOXVLRQV

7KHIROORZLQJFRQFOXVLRQVDUHEDVHGRQWKLVVWXG\UHVXOWV
0HWDNDROLQVDQGDQGFDOFLQHGFOD\H\GLDWRPLWHZHUHVKRZHGWREHHIIHFWLYHSR]]RODQLFPDWHULDOVZLWKSR]]RODQLW\
FRPSDUDEOH WR FRPPHUFLDO PHWDNDROLQ 3R]]RODQLF UHDFWLRQ ZDV PRQLWRUHG LQ WHUQDU\ FHPHQW FRPSRVLWHV ZLWK
PHWDNDROLQVDQGDQGFDOFLQHGFOD\H\GLDWRPLWHE\;5'DQG'7*WHFKQLTXHV
0HWDNDROLQVDQGZLWKFDOFLQHGFOD\H\GLDWRPLWHLVSURPLVLQJSR]]RODQLFDGGLWLRQ,QWKHFDVHRIXVHRIWKLVDGGLWLRQ
WKHFRPSUHVVLYHVWUHQJWKVLQUHODWHGFHPHQWV\VWHPVZHUHKLJKHUWKDQLQWKHUHIHUHQFH3RUWODQGFHPHQWSDVWH
7HUQDU\FHPHQWV\VWHPFRQWDLQLQJPHWDNDROLQVDQGDQGFDOFLQHGFOD\H\GLDWRPLWHKDGKLJKHUVSHFLILFVXUIDFHDUHD
DQGSHUFHQWDJHRI VPDOOHUSRUHVH[FHSW WKDWRIPHWDNDROLQVDQGFDOFLQHGFOD\H\GLDWRPLWHDQG ORZHU
WRWDOSRUHDQGPLFURSRUHPHGLDQUDGLLDVZHOODVSHUPHDELOLWLHVWKDQWKHUHIHUHQFHSDVWH
2SWLPDOVXEVWLWXWLRQUDWLRVRI3&E\PHWDNDROLQVDQGDQGFDOFLQHGFOD\GLDWRPLWHDUHDURXQGWRE\ZHLJKW
0HWDNDROLQVDQGZLWKFDOFLQHGFOD\H\GLDWRPLWHLVDSWIRUWKHXVHDVFRPSOLDQWFHPHQWDGGLWLRQLQDFFRUGDQFHZLWK
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@
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LQ WHUQDU\FHPHQWV\VWHPFRQWDLQLQJPHWDNDROLQVDQGZLWKFDOFLQHGFOD\H\GLDWRPLWHGXH WRFRQILUPHGSR]]RODQLF
UHDFWLRQDQGREVHUYHGSRUHVWUXFWXUHUHILQHPHQWUHODWLYHWRWKHUHIHUHQFHSDVWH

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